During aging and neurodegenerative diseases, synapses become dysfunctional and degenerate, thereby contributing to cognitive decline and dementia. Similarly, in developmental disorders such as autism and fragile X syndrome, synapses are dysfunctional because of developmental abnormalities. The highly plastic nature of synapses makes them appealing targets for therapeutic interventions 1,2 . The study of synapses in the human brain is thus of great interest; however, it has been hampered in the past by several factors.
Because AT is applied to postmortem rodent tissue, we adapted it for use in human brain 18, 19 . To preserve antigenicity of proteins and to prevent freezing-induced destruction of membranes, best results are obtained when fresh tissue is prepared at autopsy. We have therefore inserted the preparation of AT tissue into the stream of collecting tissue in the Massachusetts Alzheimer's Disease Research Center brain bank and the Medical Research Council UK-funded University of Edinburgh brain bank. Collecting AT tissue allows detailed investigation of synapse number and protein composition in human samples. Parallel processing for EM, which uses much of the same equipment, allows complementary investigation of synaptic ultrastructure when tissue preservation is adequate. Here we detail protocols of brain banking and analysis of samples for AT and EM that have been modified specifically for human brain tissue.
During the process of brain banking, frozen specimens and fixed specimens for standard histology are collected from the same regions of the same cases as the AT and EM blocks. Processing the tissue in this manner allows for the investigation of correlations between synapse data and the biochemical, molecular and pathological markers from the same brain. Therefore, the incorporation of AT and EM preparations into brain banking has the potential to allow clinicopathological correlations to extend to the level of the synapse, which may contribute particularly useful information in the current setting of other forms of deep phenotyping of well-characterized clinical cohorts. We believe AT and EM should ideally be incorporated whenever possible into fresh brain tissue collection, as preparation of tissue for these techniques is relatively inexpensive. Furthermore, these techniques provide the opportunity for effective collaboration between multiple research groups, as dozens of blocks can be made from each region of interest (ROI) and prepared blocks of brain are stable indefinitely, thus allowing them to be easily shared.
Applications of the protocol
AT was originally developed for studying synapses in rodent brain, in which it has been used to characterize the protein composition of synapses in healthy brain 16, 20, 21 and to demonstrate synaptic loss and proteins involved in the synaptic degeneration in Alzheimer's disease mouse models 17, 22, 23 . In stargazer mice, which are used to model epilepsy, AT revealed higher perisynaptic and lower synaptic levels of AMPARs (2-amino-3-(3-hydroxy-5-methylisoxazol-4-yl)propanoic acid receptors) 24 . The technique has been extended to the study of synaptic connectivity in songbirds 25, 26 and zebrafish 27 .
In human brain, we have used AT to investigate synapse degeneration in Alzheimer's disease and improved our understanding of how apolipoprotein E4 contributes to the risk of developing Alzheimer's disease 18 . From the 3D image stacks obtained with AT, synapse density (number of synapses per volume of tissue), synaptic puncta size, and colocalization of proteins of interest with presynaptic or postsynaptic markers can be determined. Unlike biochemical isolation of synapses and immunoprecipitation experiments, which require tissue homogenization, AT allows for the investigation of the protein composition of individual synapses in the context of the surrounding brain tissue; for example, AT allows for the quantification of the relationship between pathological lesions and synapse size, number and/or composition.
Beyond its use in synapses, AT is useful for examining the morphology, localization and protein composition of many other small biological structures. It has been used to examine the microstructural changes in blood vessel walls during abdominal aortic aneurysms in mice 28 and the collagenous matrix of human optic nerve head 29 . When we used it to study mitochondrial size and distribution in neurons of both a tauopathy mouse model and human Alzheimer patients, we found an association between the tau pathology and mitochondrial transport 19 .
Experimental design
AT experiments can be broken down into several independent stages: tissue collection, sectioning tissue, optimization of staining, staining and imaging and image analysis (Fig. 2) .
Tissue collection. For tissue preparation, we have incorporated AT and EM preparations into routine brain bank collection. We have managed to conduct very effective EM studies on tissues retrieved from donors with long postmortem intervals (PMIs), up to 100 h. In our experience, a key element in tissue preservation for ultrastructure analysis is postmortem cold storage of the cadaver; cold storage in a mortuary of around 4-6 °C markedly reduces structural degradation. As we focus on neurodegenerative diseases, we collect 10-12 regions relevant to degeneration per brain as shown in Figure 3 . We collect approximately ten small samples (1 mm × 1 mm × 5 mm) from each region in each case. Orientation of the samples is important, particularly in laminar structures such as neocortex, in order to ensure that all layers are present in the block facing the cutting surface. In parallel, adjacent blocks are prepared for EM for ultrastuctural studies. Samples are fixed, dehydrated and embedded. Thereafter, the samples are stored at room temperature (20-25 °C) until needed (Fig. 4) . The rest of the hemisphere from which AT and EM samples are taken is frozen in slices between aluminum plates, and samples from the same regions can be used for biochemical and molecular studies 30 . The contralateral hemisphere is fixed and used for pathological diagnoses and disease quantification by standard neuropathological methods, e.g., Braak staging and CERAD (Consortium to Establish a Registry for Alzheimer's Disease) scoring for Alzheimer's pathology. EM blocks are processed for the analysis of synaptic ultrastructure using modified methods 31 , requiring changes to the protocol with respect to fixation.
Sectioning tissue. From each tissue block needed for an AT study, ribbons of 50-100-nm-thick serial sections are cut using a histo jumbo diamond knife on an Ultracut microtome. Ribbons are dried onto coverslips with the thickness required for the objective used for synapse quantification (in our case 0.16-0.19 mm). To test tissue quality and optimizing staining, short ribbons of 5-10 sections can be used. To quantify synapse numbers and proteins present at synapses, longer ribbons of 20-50 sections are used. Even longer ribbons can be used to reconstruct larger structures such as entire neurons or volumes of cortex 15 , or pathological lesions such as senile plaques 17 and tangles 19 . The maximum length of ribbon we have used is ~200 sections, allowing the reconstruction of an ~15-µm depth. Ribbons can be stained immediately after sectioning provided they are dried on the coverslip before staining begins. Alternatively, ribbons can be cut in advance, dried and stored in dust-free boxes. The longest we have stored ribbons before staining is 6 months, but longer time periods are likely to be acceptable. Before tissue samples (blocks) are used for AT experiments, a ribbon from each block is stained with the nuclear marker DAPI and a synaptic marker to assess the quality of the tissue. In addition, we confirm that all six cortical layers are identifiable in each cortical block, and we stain for markers of relevant pathology and note the types of lesions present in each block (for example, plaques and tangles in Alzheimer's disease, Lewy bodies and neurites in Parkinson's disease and dementia with Lewy bodies and so on). For each new experiment, staining of proteins of interest is optimized Fluorophores on secondary antibodies should be chosen on the basis of microscope filter sets and should not overlap with fluorescence of the nuclear label (DAPI -358 nm in our case), which is necessary to align the images. Other immunostains can also be used for alignment if stained objects are large and sparse enough to be followed across multiple sections, such as NeuN neuronal staining or staining of neurofibrillary tangles. We have used combinations of secondary antibodies labeled with fluorophores with 488-nm (FITC), 550-nm (Rhodamine/Cy3) and 650-nm (Cy5/far red) absorption wavelengths to visualize three separate proteins on the same ribbon when the primary antibodies are raised in different species. Care should be taken when using red and far-red secondary antibodies in the same session, as some overlap between both emission spectra can be observed with very strong stains. The use of different combinations of secondary antibodies during optimization of staining allows the determination of whether there is bleed-through between these channels. More stains can also be achieved by stripping and re-probing array ribbons after imaging, as was elegantly shown by Micheva and Smith et al. 16 in mice. This is also possible in human sections as shown in Supplementary Figure 1 , but the quality of reimaging is likely to be both tissue and antibody dependent, and thus in practice we reserve this technique for detailed studies of individual samples rather than for high-throughput studies of dozens of cases with multiple sampling sites per case.
Staining and imaging.
Once the staining protocol is optimized for an experiment, ribbons are immunostained and image stacks are acquired ( Fig. 5 and Supplementary Methods). Staining fades quickly, and thus ribbons are imaged within 24 h of staining. To avoid sampling biases as much as possible, multiple blocks from each region in each case are used (2-3 per case), and multiple image stacks are acquired from each ribbon (2-3). At least two ribbons from different cases are stained and imaged on the same day to control for any variability in staining quality from day to day. In experiments comparing different groups (Alzheimer's disease and nondemented elderly control cases, for example), at least one ribbon from each group is included in each batch of staining and imaging. The number of cases needed varies depending on the effect size. We find that an n value of 5-6 per group is usually sufficient to detect differences in synapse density of > 20%.
There is a large amount of variability in synapse density both between individual cases and between sampling sites within each case. In nondemented subjects, we observe ~20% variability (coefficient of variance 0.2) in synapse density in layers II-III of the superior temporal gyrus between cases; similarly, we see ~20% variability between the sampled regions within this cortical area within the same case, which is why we recommend extensive sampling (multiple blocks, ribbons and stacks from each case).
Image analysis. Image processing includes making stacks from the images on each section, aligning the images using nuclei (or amyloid plaques in Alzheimer's disease samples) as fiduciary markers and applying that alignment to all other channels ( Fig. 6) . ROIs on the stack ('crops') are then chosen for analysis. In most experiments, we choose regions of neuropil that do not contain any nuclei or capillaries. In diseased cases, we also note the position of each crop relative to any pathological lesions (e.g., distance from the nearest amyloid plaque). Before image analysis, we collect all data for the experiment from the 5-6 cases per group. For image analysis, the experimenter is blinded to the experimental group or clinical condition (i.e., diseased versus healthy). Being blind to the condition is important for our current method of analysis, which requires the experimenter to choose a thresholding algorithm (in the Fiji program http://fiji.sc) in order to convert the image stacks to a binary format. These stacks are then analyzed with the Watershed program developed by Busse and Smith (see ref. 15 ). Where possible, the same thresholding algorithm in Fiji is applied to all images in the study. However, if there is substantial variability in the staining between days, different thresholding paradigms may need to be used for different days, highlighting the need to have cases from each experimental or clinical condition run each day. The Watershed program introduces a size threshold and only counts objects as synapses, if they are present in more than one consecutive section. These definitions of synaptic puncta are necessary to remove nonspecific staining (likely from nonspecific secondary antibody binding). Output image stacks obtained from this program are then used for colocalization studies in MATLAB to find puncta from different channels that share voxels or to determine the distance between objects in different channels. This is useful for defining potential synaptic partners that contain a presynaptic element and a postsynaptic density within 0.5 µm of each other 18 . We have validated automated detection of synapses using a manual physical dissector stereological technique on the same raw image stacks used for threshold-based analysis 22 . However, future improvements in image analysis should explore non-thresholdbased methods of analysis that maintain the ability to restrict the characteristics of synaptic puncta and allow precise localization of the edges of objects for colocalization studies.
Image processing and data analysis are largely automated with ImageJ (Fiji) macros and MATLAB programs but data require quality checking. Statistical considerations are typical of most biological experiments, including checking the normality of data to determine whether parametric or nonparametric statistics are necessary, taking the mean or median of each case and then comparing the groups as appropriate. When the number of cases available is limited, as often occurs in human studies, more statistical power can be gained by using all data points from each subject (instead of only the mean or median value from each person) and comparing the study groups with a cluster analysis that avoids pseudoreplicating the data 32 by controlling for the data points coming from different subjects 33 .
Limitations
Analysis of human brain tissue by AT has strengths and limitations. The strengths of this technique are the ability to examine multiple protein markers at small structures with excellent resolution and the ability to obtain high-throughput quantitative measures of synapse density, size and protein composition. However, AT only allows for the observation of immunolabeling. Antibody penetration of the LR White resin is not always efficient, and epitopes are not always preserved, limiting proteins of interest that can be studied. Further, immunolabeling does not give ultrastructural anatomical data, which must be acquired using the more difficult and time-consuming EM methods. We advocate brain-banking storage of samples suitable for AT and TEM, along with formalinfixed paraffin-embedded brain tissue for conventional histology, and frozen tissue for biochemical and molecular analyses. AT promises to provide an additional powerful approach to understanding synaptic composition and structure in a wide group of human diseases. Cement mixture Combine ~5 ml of Weldwood contact cement with an equal volume of xylenes and stir the mixture well with a toothpick. ! cautIon Xylenes are toxic. They should be handled in a fume hood using gloves. Store the cement mixture at room temperature until it is too thick to use. Gelatin-subbing coverslips for AT stripping experiments Dissolve 1.5 g of gelatin in 750 ml of dH 2 O on a stirring hotplate for a 0.2% (wt/vol) solution.
MaterIals

REAGENTS
Heat and stir the solution until dissolved (do not boil). Place Fisher no. 1.5 coverslips into slide holders. Pour the gelatin solution into the slide holder for 1 min, drain gelatin solution away and dry coverslips for 1 h in a 37 °C incubator or overnight at room temperature. Repeat coating in gelatin solution and dry. When the coverslips are dry, store them for the long term (months) at room temperature in the original boxes.  pause poInt Although a short PMI is recommended, if there is a longer PMI, cold storage in a mortuary facility should be used to limit structural degradation.
2|
Sample the brain pH, weigh the brain and collect cerebrospinal fluid (CSF) for future analyses.
3|
Bisect the brain along the midline into two hemispheres. Drop one hemisphere into 10% (wt/vol) formalin fixative for future pathological and histochemical studies.
4|
Starting with a section through the mammillary bodies, section the contralateral fresh hemisphere into 1-cm coronal sections. From the coronal sections, take regions of ~1 cm 3 from the ROIs (Fig. 3) . For neurodegenerative diseases, we collect tissue from the following regions: superior frontal cortex, anterior cingulate cortex, superior temporal cortex, entorhinal cortex, amygdala, posterior superior putamen, dentate gyrus granular cell layer, cornu ammonis 1 of the hippocampus, superior cerebellar vermis, substantia nigra and spinal cord (anterior horn gray matter; where available, particularly in amyotrophic lateral sclerosis (ALS) cases). For cortical regions, ensure that the entire cortical mantle from pia to white matter is contained in the sample. The rest of the coronal section can be snap frozen between aluminum plates for separate biochemical and molecular studies.
5|
Bisect the 1-cm 3 samples (maintaining all of the cortical layers in each cortex sample). Drop one-half of the sample in the AT fixative for 20-30 min at room temperature, making it ready for further processing as described in Step 6. Drop the other half of the sample into EM fixative for 48 h at 4 °C, making it ready for EM processing as described in Step 15.
6|
Further, dissect the AT tissue samples into blocks of ~1 mm × 1 mm × 5 mm, taking care to maintain the orientation of the cortical samples such that all six layers are included in the longest dimension ( Fig. 4 and supplementary Video 1) . Make approximately ten AT blocks per region. ? troublesHootInG 7| Place the small blocks back into AT fixative. Fix the AT samples for a further 2 h.  crItIcal step To avoid marked decreases in antibody binding, do not fix the AT samples for more than a total of 3 h.
8|
Remove fixative from the AT samples and wash the samples at for least 5 min in AT wash buffer.  pause poInt Samples can be left overnight in a fresh change of wash buffer at 4 °C or you can proceed directly to dehydration.
at tissue dehydration and resin embedding • tIMInG 2 h plus two overnight steps 9| Dehydrate the AT samples by placing them in solutions of graded ethanol (vol/vol) for 5 min each: 50% ethanol, 70% ethanol, 95% ethanol, 100% ethanol and repeat with 100% ethanol.
10|
Incubate the AT samples for 5 min in each of the following: first, a 50:50 mixture of 100% ethanol and LR White; second, LR White alone; and finally a repeat of the LR White incubation. Leave the AT samples in LR White overnight at 4 °C. ! cautIon LR White resin is toxic before polymerization. Gloves should be worn while handling it.
11|
Fill the gelatin capsules with cold LR White resin.  crItIcal step Ensure that you fill the capsules completely, as LR White resin will not polymerize if there is too much air in the capsule.
12|
Place one tissue sample (1 mm × 1 mm × 5 mm) into each capsule with a printed label in the capsule containing the case number, region and sample number; place the cap on each capsule.  crItIcal step Do not use pencil or permanent marker; it will dissolve in the resin and the blocks will be indistinguishable.
13| Place the AT capsules into an oven set at 52 °C overnight.  crItIcal step If the temperature drops below 50 °C or capsules are not left long enough, the resin will not harden properly and the blocks will not section properly.
14|
Remove the capsules from oven. When they are ready, the capsules can be processed as described in Step 25. AT and EM resins are nontoxic once polymerized.  pause poInt Capsules can be stored at room temperature indefinitely.
eM tissue dehydration and resin embedding • tIMInG 4 h (over 4 d) 15|
Transfer the EM samples from Step 5 to 0.1 M phosphate buffer, and store them at 4 °C for at least 24 h.
16|
Cut the samples into 70-µm-thick sections on a vibratome and float them in PB.
17|
Incubate the vibratome sections for EM in 1% (wt/vol) osmium tetroxide for 30 min at room temperature (protected from the light).
18| Wash the EM sections in three changes of 0.1 M phosphate buffer and then in ddH 2 O.
19|
Dehydrate the EM sections by placing them in solutions of graded ethanol (vol/vol): 10 min in 50% ethanol, 40 min in 70% ethanol containing 1% (wt/vol) uranyl acetate (protected from light), 15 min in 95% ethanol, 10 min in 100% ethanol and 10 min in 100% ethanol (dried and stored over molecular sieves), followed by 2 × 10 min in 100% propylene oxide.
20|
Incubate the EM sections in Durcupan resin for 24 h at room temperature.
21|
Mount the sections on microscope slides and coverslip in Durcupan.
22|
Transfer the slides to an oven at 50 °C for 48 h to allow the resin to polymerize.
23|
Smear the slide and coverslip with a thin film of barrier cream to allow the removal of the coverslip with a thin blade.
24|
Cut out the ROI from the EM sections (~1 mm × 1 mm) and glue it with cyanoacrylate glue to the tip of a pre-set Durcupan resin block for subsequent sectioning.  pause poInt Store the slides or prepared blocks until needed at room temperature.
tissue sectioning for at and eM • tIMInG ~1 h per sample 25| Remove the gelatin capsule from the polymerized AT resin block to be cut.
26|
Insert an AT or an EM block into the chuck of the ultramicrotome. Trim excess resin from around the tissue block with a Wec prep blade in order to make a trapezoid around the tissue (Fig. 4d) . Ensure that the blade is sharp otherwise the block will be difficult to cut and chunks of the tissue may accidentally break off.
27|
Place the chuck in the cutting position and turn the tissue block such that the trapezoid is on its side (long side vertical). By using the diamond facing knife, cut the face of the block until it is even and the tissue has been reached. The tissue can only be as wide as the width of the facing knife's blade. Otherwise it is not possible to obtain an even face. If the tissue is too wide, repeat
Step 26 until it is not wider than the facing knife's blade.
28|
Move the facing knife to the edges of the trapezoid and cut the edges of the block until the long sides of the trapezoid are exactly parallel.  crItIcal step In order to obtain long ribbons, it is essential that the top and bottom edges of the trapezoid are parallel. A narrow block face ( <1 mm in the direction of cutting) also helps in producing straight ribbons, which are important for collecting good-quality image stacks.
29|
Apply a mixture of cement and xylene (roughly 50:50) to the parallel sides of the block such that the sections adhere together during cutting and form a contiguous ribbon. This step is not necessary for EM blocks.
30|
Fill the boat of a histo jumbo diamond knife with filtered dH 2 O and place a microscope slide in the boat. For AT sections, label a coverslip with the block to be cut and either place the coverslip onto the microscope slide while partially submerged in the water or wait and insert it after cutting the ribbon in Step 33.  crItIcal step The coverslip should be of the thickness required for the microscope objective to be used for highresolution imaging (in our case 0.16-0.19 mm). If you wish to strip and re-probe sections, use gelatin-subbed coverslips.
31|
Section the tissue into ribbons of 70-nm serial sections (30-40 sections per ribbon for AT, 3-5 sections for EM) using a histo jumbo diamond knife.  crItIcal step Because of the glue, the sections should stick together to form a ribbon. They should be of the same thickness and the ribbon should be as straight as possible. The tissue should be distinguishable from the resin. When beginning to section, start with the tissue at a greater thickness (e.g., 500 nm) and then decrease the thickness in a stepwise fashion until a 70-nm thickness is achieved. Sections of 70-nm thickness are silver-gold in color when observed through the ultramicrotome oculars floating on water. Fluctuations in temperature often make the readout on the Ultracut inaccurate, and thus thickness should be judged by section color (Fig. 4) . ? troublesHootInG 32| Detach the ribbon from the blade by gently running an eyelash along the surface of the blade behind the ribbon. For EM samples, mount short ribbons with an eyelash (glued to a stick) onto Formvar-coated EM grids. For AT samples, place the first section of the ribbon on the coverslip (inserted into the boat in Step 30) at the interface of the glass and water in the knife boat, and then gently remove water from the knife boat with a syringe until the ribbon is adhered to the coverslip. Allow the section to dry. To aid in finding dried ribbons for staining, outline the ribbon with permanent marker on the reverse side of the coverslip while it is still moist. An alternative method for mounting AT ribbons on a coverslip is to gently slide a coverslip under the ribbon after it is cut, and then gently move the ribbon to the coverslip and draw back gently.  crItIcal step If the coverslip is drawn back too fast, the ribbon may not dry well. If the ribbon is not straight, imaging will be more difficult. It is also important to pull backward and not pull up. Pulling up will cause the water in the boat to flow out.  crItIcal step Mount the ribbon as straight as possible, as it will make imaging and analysis easier.  pause poInt Dried ribbons can be stored, protected from dust, indefinitely at room temperature. ? troublesHootInG 33| Perform standard TEM imaging and analysis as previously published 35, 36 on EM samples. Proceed to Step 34 for AT samples.
Immunohistochemistry for at • tIMInG 3 h with one optional overnight step 34| Outline the dried ribbon with a hydrophobic PAP pen.
35|
Incubate the ribbon in AT glycine solution (~100 µl, or enough to cover the entire ribbon) for 5 min at room temperature to remove residual aldehydes from fixation.  crItIcal step From this step, keep the ribbon wet at all times.
36|
Gently remove glycine solution with a pipette, and then immediately cover the ribbon with blocking solution. Incubate the ribbon in AT block buffer for 10-30 min at room temperature.  crItIcal step While staining the ribbon, it is easiest to keep the pipettes near the ribbon; however, take care that you do not touch the ribbon, as this can damage it and potentially ruin a ROI.
37|
Remove the blocking buffer and immediately apply primary antibody solution (diluted in blocking buffer at concentrations of 1:10-1:1,000 optimized for each primary; see table 1). Leave the ribbon for 2 h at room temperature or overnight at 4 °C. Note that for each experiment, identical parameters should be maintained for the staining procedure.  pause poInt The ribbon can be left at 4 °C overnight.
38|
Gently wash the ribbon three times with TBS by removing the liquid with a pipette from one side of the ribbon and simultaneously adding TBS to the other side for 10-15 s each wash.
39| Apply fluorescently labeled secondary antibodies diluted in blocking buffer with DAPI (0.01 mg ml − 1 ) to stain nuclei. Incubate the ribbon for 30 min at room temperature. Alternatively, DAPI can be applied for 20 min after washing off the secondary antibody solution.
40| Wash the ribbon with TBS as in
Step 38.
41|
Invert the coverslip and place it on the microscope slide with a mounting medium that prevents fluorescence bleaching (e.g., Immumount). More details regarding the use of the automated method can be found in the supplementary Methods.
42|
(a) automated software (i) Acquire a tile-scan image of the entire ribbon at a low magnification in the DAPI channel (Fig. 5) . Choose a ROI to image at a higher resolution. If you are examining the cortex, make sure that you image the same cortical layer in all cases in order to reduce variability. Use the tile scan or manually examine the ribbon to make sure that the ROI is present on every section of the ribbon and is not obscured in any section by artifacts or rips in the tissue. (i) For manual imaging, find the ROI on the first section and take an image of all channels. Manually move to the next section, find the ROI and take an image; repeating this for all sections.  crItIcal step Make sure that the same cell bodies are clearly present in every image and that they are close to the same location in every image.
45| Save all the images in the stack with the section number in the file name.
46|
Collect the data from 2-3 blocks per case (for each region), making 2-3 stacks per ribbon.
47|
If stripping and re-probing is desired, remove the coverslip immediately after imaging by gently placing a razor blade under the edge. Rinse off the mounting medium thoroughly with distilled water (running for 30 s and then soaking for 5 min). Apply stripping buffer for 10 min, and then wash it well in water as above. Dry thoroughly before re-staining from Step 35. As a control for antibody elution, a small ribbon or small section of the original ribbon should be treated identically for the first round of staining, but no primary antibodies should be applied during the second round of staining. This ribbon should be re-incubated with secondary antibodies and DAPI and observed under a microscope to ensure that there is no residual staining from the first set of primary antibodies (supplementary Fig. 1 ).
at image analysis • tIMInG variable; depends on the number of stacks 48| Convert the individual images from each section into a stack (with a separate stack for each channel).  crItIcal step Custom ImageJ macros make image analysis steps much faster. Macros that we have developed are provided in supplementary Data 1 for individuals to modify for different systems and experiments.
49| Use the multistackreg ImageJ plug-in (available at http://bradbusse.net/downloads.html; requires TurboReg and StackReg macros 34 ) to align the stack of the nuclear staining (DAPI channel) with the rigid body algorithm and save the transformation file. Check that the DAPI alignment worked by scrolling through the stack then to apply to other channels.  crItIcal step Ensure that the alignment files are saved or it will be impossible to get the other channels similarly aligned. After aligning the DAPI channel, check that the alignment is working well, and then apply the transformation file to all other channels from the same stack (Fig. 6) . Save the aligned stacks.
? troublesHootInG 50| If multiple days of imaging are used after stripping, align the subsequent days using the mutlistackreg plug-in as above. Then, align the second day's imaging to the first using the multistackreg option 'align second stack to first' to align the DAPI stack from day 2 to the DAPI stack from day 1. Save the transformation file. Merge DAPI stacks from day 1 and day 2 as different colors to ensure proper alignment. If the alignment is good, apply the saved transformation file to the other channels from day 2 with the 'align second stack to first' option.
51|
Choose ROIs on the stack for automated analysis (counting stained objects and determining their sizes). For synapse analysis, choose the ROIs in the neuropil areas without any nuclei or capillaries. Be sure that the areas chosen for density analysis are present throughout the entire stack and not interrupted as a result of the alignment. A standard ROI size makes analysis simpler: for example, use a box of 20 µm × 20 µm with depth defined as the number of sections in the stack multiplied by the thickness (usually 70 nm). Crop multiple ROIs per stack and save each crop with a coded number.  crItIcal step This is the step at which we introduce blind coding. At this stage, a spreadsheet should be started recording for each crop, including the case number, relevant case information (diagnosis, genotype, gender and so on) block number, stains used, image date, crop volume and the number of sections in the crop. After all crops are generated for the study, the identifying data is hidden in the spreadsheet and analyses are performed by an experimenter blinded to these data. Maintaining a detailed spreadsheet with all the information about the crop is paramount for keeping track of the data.  crItIcal step Before proceeding, it is best to collect all image stacks and crops needed for the study.
52|
For automated analysis of object density, size and colocalization, each crop must be assigned a threshold to convert the images to a binary format. Thresholds should be chosen to most accurately reflect the staining of synaptic puncta observed by eye. The threshold chosen should not cause clusters of small puncta to be melded into one object in the binary image, but it should still maintain most of the smallest, lowest-intensity puncta. This can be done manually (option B) or with automated algorithms (option A).
(a) automated thresholding (i) On representative crops from each staining day, choose a manual threshold that best captures the staining (Fig. 6) .
(ii) Run all of the automated thresholding paradigms offered by FIJI on a representative sample of the data. Be sure to select 'stack.' Choose the paradigm that is closest to the one you would choose manually. (iii) Apply this paradigm to all crops and save the thresholded images (using a macro to batch the thresholding saves time; see supplementary Data 1). (b) Manual thresholding (i) Choose each threshold for every crop. This should be done by a single experimenter blinded to the condition, ideally all on the same computer in one session to minimize the variability.
53|
Process each image with Watershed 16 , which defines objects larger than a given threshold (10 voxels for synapses) that are present in more than one consecutive section. This program generates output images containing positive staining and an object file that lists the number of objects and the size of each object.  crItIcal step The Watershed program should be installed in the same folder where all the crops were saved.
54| Import the Watershed output files into the spreadsheet. The program will give the number and size of stained objects. 
56|
To analyze the colocalization between objects, run the output files through a MATLAB script that calculates the nearest object between channels (see supplementary Data 2 for an example script). ImageJ can also be used to determine the colocalization between objects.
? troublesHootInG Troubleshooting advice can be found in table 2.
• tIMInG To acquire an image stack from one tissue sample using AT can be as fast as 3 d from initial tissue collection. Similarly, EM images can be acquired within 6 d of tissue collection. However, multiple blocks from multiple cases are needed for each study. Experiments are broken down into three largely independent phases as shown in the flow chart in Figure 2 . In the first phase, tissue is collected, which occurs on an ongoing basis as brains are donated and autopsies are performed (blue). The second phase includes sectioning, staining and imaging cases (green) until staining is optimized and all data have been collected for the experiment. The third phase is image analysis. Once the staining procedure is optimized for each experiment, data collection is straightforward. Image processing (aligning, stacking and cropping of images) can be done after each imaging session, but it is best to conduct image analysis (thresholding, counting and measuring objects and colocalization studies) after all data have been collected for the study. An AT experiment generates large amounts of data: approximately 10 cases, 30 ribbons, 90 stacks, 500 crops, 4 channels per crop and tens of thousands of synapses to analyze. Thus, the image analysis steps take several weeks to complete, depending on the size of the study. We find that mistakes are often generated in these large data sets either in the automated macros or in typing or copying errors, and thus extensive quality checking and control of the data are necessary.
antIcIpateD results
At a low magnification, (×10 or ×20) areas of interest can be identified on the ribbon, for example, finding the cortical layer to be examined using the pattern of DAPI staining and finding pathological lesions (Fig. 5) . Any imperfections in the ribbon can be seen at this magnification and avoided when choosing fields for high-resolution imaging. Pre-and postsynapses can be labeled in human tissue with several markers (Fig. 7 and table 1) . We have used AT to examine synapse loss and the role of Aβ, apolipoprotein E and tau in synaptic degeneration 18, 22, 23 . Examples of Aβ plaques, apolipoprotein E, tau and glial markers in AT sections from Alzheimer disease patients are shown in Figure 7 . Other types of pathological lesions and their synaptic effects can be examined including α-synuclein in Lewy bodies (Fig. 7) . AT can also be used to examine glial processes and their interactions with synapses (Fig. 7) . Mitochondrial localization in tubulin-filled processes and cell bodies can be observed (Fig. 7) .
Although ultrastructure is often compromised postmortem in human tissue, the quality of tissue obtained using the current modified protocol is usually more than adequate for undertaking a quantitative assessment of synaptic integrity and ultrastructural features (e.g., synaptic vesicle densities and localization). At a low magnification (Fig. 8) , it is possible to identify numerous synaptic profiles and to undertake synaptic density measurements. At a higher magnification (greater than ×5,000), it is possible to identify individual synaptic profiles and their organelles (particularly synaptic vesicles and mitochondria; Fig. 8 ). EM analysis can also be used alongside AT to uncover pathological changes at the synapse. 
